Abstract Cardiovascular disease is a leading cause of death, especially in individuals with diabetes mellitus, whose risk of morbidity and mortality due to cardiovascular disease is markedly increased compared with the general population. There has been growing interest in the identification of biomarkers of cardiovascular disease in people with diabetes. The present review focuses on the current and potential contributions of these biomarkers to predicting cardiovascular risk in individuals with diabetes. At present, certain biomarkers and biomarker combinations can lead to modest improvements in the prediction of cardiovascular disease in diabetes beyond traditional cardiovascular risk factors. Emerging technologies may enable the discovery of novel biomarkers and generate new information about known biomarkers (such as new combinations of biomarkers), which could lead to significant improvements in cardiovascular disease risk prediction. A critical question, however, is whether improvements in risk prediction will affect processes of care and decision making in clinical practice, as this will be required to achieve the ultimate goal of improving clinical outcomes in diabetes.
Introduction
The elevated cardiovascular risk in individuals with diabetes mellitus has been recognised for decades [1] [2] [3] and has become an increasingly important public health concern in recent years given the dramatic growth in diabetes prevalence. Cardiovascular disease remains a leading cause of morbidity and mortality in individuals with diabetes. Thus, there has been increasing interest in identifying biomarkers of cardiovascular disease to allow better-targeted therapies for the prevention and treatment of cardiovascular disease in people with diabetes. There have been several review articles published on the topic of cardiovascular biomarkers in diabetes [4] [5] [6] . The present article focuses on the current and potential contributions of these biomarkers to cardiovascular disease risk prediction in individuals with diabetes.
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Current approaches to cardiovascular disease risk prediction in diabetes
There are three prevailing approaches to cardiovascular disease risk assessment in diabetes (as summarised in the Text box). The first approach considers diabetes as a cardiovascular disease risk equivalent and treats all people with diabetes as if they have cardiovascular disease [7] . The second and third approaches both assess the global risk of cardiovascular disease in individuals with diabetes using multivariable prediction models. The second approach uses prediction models developed in the general population and applies them to people with diabetes [7] . Thus, the same model is used for individuals with and without diabetes. These multivariable models treat diabetes status as a risk factor, much like conventional cardiovascular disease risk factors such as smoking and age. The third approach uses prediction models developed in populations with diabetes, intended for use specifically in people with diabetes [7] . Implicit in this approach is the belief that separate models should be used for individuals with diabetes and for individuals without diabetes.
With regard to the first approach, diabetes has often been regarded as a cardiovascular disease risk equivalent because individuals with diabetes experience a markedly elevated incidence of cardiovascular disease [3] . However, classifying all individuals with diabetes as having a cardiovascular disease risk equivalent may be an oversimplification because substantial heterogeneity in cardiovascular risk can exist among individuals with diabetes, based on age, duration of diabetes and other comorbidities [4, 8] . This supports the argument for more nuanced approaches (i.e. the second and third approaches above; Text box) to estimate absolute risk of cardiovascular disease in individuals with diabetes using multivariable prediction models that account for multiple cardiovascular disease risk factors.
A challenge is posed by the limitations of the prediction models currently used for assessing cardiovascular risk in people with diabetes. In 2012, van Dieren et al observed that of the 45 models used for predicting cardiovascular disease in individuals with diabetes reported in the literature, 33 were developed in the general population (i.e. the second approach above; Text box) and 12 were specifically developed using diabetic populations (i.e. the third approach above; Text box) [9] . The most commonly included predictors were clinical characteristics (age, sex, tobacco use) and lipid biomarkers (e.g. total cholesterol, LDL). Although many predictive models exist, only a minority have been externally validated in new diabetic populations and tested for predictive accuracy. Even the models that have been externally validated, such as the Framingham risk score [10] and the United Kingdom Prospective Diabetes Study (UKPDS) model [11] , have limited ability to accurately estimate cardiovascular risk in type 2 diabetes [12, 13] .
Improving prediction of cardiovascular disease in individuals with diabetes
Risk models for use in individuals with diabetes typically do not include information from biomarkers other than cholesterol and, occasionally, HbA 1c and albuminuria. This raises the question of whether adding novel biomarkers would improve cardiovascular risk prediction in individuals with diabetes.
What are the strategies for determining whether a novel biomarker improves the ability to predict cardiovascular disease risk? Risk prediction can only be improved by a novel biomarker if it provides additional information that is not explained by established cardiovascular disease risk factors such as age, tobacco use and lipid levels. Documenting a statistically significant association between a novel biomarker and cardiovascular disease in models adjusting for conventional risk factors is an important first step. Nonetheless, showing an association is not sufficient to establish whether the biomarker improves risk prediction [14, 16] . Several additional metrics exist to assess whether a novel biomarker improves risk prediction: discrimination, calibration, and reclassification. Discrimination addresses the model's ability to distinguish between individuals who will develop the outcome and those who will not. The most commonly used discrimination measure is the area under the receiver operating characteristic curve, also known as the C-statistic. Values range from 0.5 (no discrimination ability) to 1.0 (perfect discrimination). Thus, a possible approach to demonstrating the utility of a novel biomarker is to evaluate whether the C-statistic increases when the biomarker is added to conventional risk factors [14] . Calibration measures, such as the Hosmer-Lemeshow statistic, address the agreement between the risk predicted by the model compared with actual event rates in the population. Well-calibrated models yield accurate absolute risk estimates, which facilitate the assessment of the risks and benefits of various therapeutic approaches [14, 15] . For instance, an intervention associated with a 20% reduction in cardiovascular disease risk but also with a high incidence of adverse effects might be more reasonable to consider in individuals at high absolute risk of cardiovascular disease.
Reclassification addresses the question of whether the addition of a biomarker leads to an appropriate change in the risk categorisation of individuals across a risk threshold. The most widely used measure of reclassification is the net reclassification improvement (NRI). An appropriate reclassification is one in which individuals who ultimately experience an event are reclassified into a higher risk group and individuals who do not experience an event are reclassified into a lower risk group [14] . The NRI is most useful when clearly defined risk thresholds exist for a condition and when these are tied to treatment decisions.
Because the pathogenesis of cardiovascular disease is multifactorial, no single biomarker can differentiate between individuals with diabetes who will and will not develop cardiovascular disease. Thus, clinically significant improvements in discrimination and reclassification in risk prediction models (second and third approaches; Text box) are unlikely to occur without the addition of multiple biomarkers. Using simulation, we have previously assessed how many hypothetical biomarkers might be required to produce large increases in the C-statistic ( Fig. 1 ) [14] . The answer depends on the average correlation between pairs of biomarkers. Fewer biomarkers are required when the average correlation between biomarkers is low.
Examples of cardiovascular disease biomarkers in individuals with diabetes
Most investigations of cardiovascular disease biomarkers in diabetes have been hypothesis-driven, candidate biomarker studies focusing on known pathophysiological pathways, including those related to cardiac stress (N-terminal prohormone of b-type natriuretic peptide [NTproBNP] [8, [17] [18] [19] [20] [21] [22] [23] and high-sensitivity troponin T [hsTnT] [8, 17, 24] ), inflammation (high-sensitivity Creactive protein [hsCRP] [8, 25] , IL-6 [17] , IL-15 [17] ), matrix remodelling (matrix metalloproteinases and osteopontin [17, 23] ), lipids [26] , endothelial dysfunction (albuminuria [27] ) and diabetes pathophysiology (AGEs) [17, 28] ). As in the general population, there is good evidence in diabetic populations that NT-proBNP [8, [17] [18] [19] [20] [21] [22] [23] , hsTnT [8, 17, 24] and hsCRP [8, 25] are predictive of cardiovascular disease.
There have been numerous publications on the associations of single biomarkers with cardiovascular risk in diabetes but simultaneous evaluations of large numbers of biomarkers in diabetic populations have been limited. Table 1 presents selected studies in diabetic cohorts that evaluated at least 20 cardiovascular disease biomarkers simultaneously and reported changes in cardiovascular disease prediction beyond traditional risk factors [17, 19, 23] . The SUMMIT consortium [17] evaluated 42 candidate biomarkers, from a variety of physiological pathways previously reported to be associated with cardiovascular disease, in individuals with type 2 diabetes. The consortium identified six biomarkers whose combination led to moderate improvements in cardiovascular disease prediction, in terms of both discrimination and reclassification, beyond clinical covariates: NT-proBNP, hsTnT, IL-6, IL-15, apolipoprotein C-III and soluble receptor for AGE. In another study, van der Leeuw et al [23] (Table 1, Fig. 2 ) evaluated 23 candidate biomarkers in two cohorts of individuals with type 2 diabetes and found that NT-proBNP, osteopontin, and matrix metalloproteinase 3, on an individual basis as well as in combination, improved the prediction of cardiovascular events beyond traditional risk factors. Gerstein et al [19] (Table 1 ) evaluated 237 biomarkers in 8401 individuals with dysglycaemia (type 2 diabetes, impaired fasting glucose or impaired glucose tolerance) and identified ten biomarkers whose combination improved the prediction of a composite cardiovascul a r o u t c o m e ( m y o c a r d i a l i n f a r c t i o n , s t r o k e o r Looker et al [17] CVD incidence (acute CHD, stroke) • NT-proBNP
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Yes CHD, coronary heart disease; CV, cardiovascular; CVD, cardiovascular disease; MI, myocardial infarction; T2DM, type 2 diabetes mellitus cardiovascular death) beyond clinical covariates, with an improvement in the C-statistic from 0.64 to 0.71. These data suggest that certain biomarkers and biomarker combinations can lead to modest improvements in risk discrimination, beyond traditional cardiovascular risk factors. Estimates of NRI vary, though such estimates can depend on the selection of risk thresholds which do not always conform to clinical guidelines. 'Category-free' NRI measures have been developed that do not depend on the selection of thresholds, although such measures may provide less insight regarding the clinical utility of biomarker data. These observations lead to the question of whether novel biomarker information will have a clinical impact (discussed below).
Applications of cardiovascular disease risk prediction models in clinical practice
As already discussed, risk prediction models (the second and third approaches above; Text box) have been developed to estimate absolute risk of cardiovascular disease in individuals with diabetes. Risk prediction models have a clinical impact only if they are adopted into clinical practice and if their use in the clinical setting changes providers' management decisions (with regard to therapy, screening and education) and/or patients' behaviour [29] [30] [31] . To what extent are cardiovascular disease risk prediction models incorporated into current clinical guidelines issued by major medical societies? The European Society of Cardiology (ESC) and EASD 2013 guidelines [32] mention several available cardiovascular disease risk calculators for individuals with diabetes and also mention several cardiovascular disease biomarkers in diabetes. However, they do not explicitly advocate the use of risk calculators or biomarkers to guide clinical management. The ESC/EASD 2013 guidelines recommend classifying all individuals with diabetes as being at 'high risk' of cardiovascular disease (based solely on the presence of diabetes, without any other cardiovascular risk factor or evidence of target organ damage) or at 'very high risk' (documented cardiovascular disease, severe chronic kidney disease or presence of at least one cardiovascular risk factor or target organ damage). Thus, these guidelines recommend statin therapy for most individuals with diabetes.
The American Heart Association (AHA)/American College of Cardiology (ACC) 2013 guidelines recommend statin therapy for all individuals with diabetes aged 40-75 years, based solely on the presence of diabetes, and recommend that statin therapy be considered for patients with diabetes outside that age range based on the individuals' potential for cardiovascular disease risk reduction and personal preferences [33] . The AHA/ACC 2013 guidelines encourage healthcare providers to calculate the absolute risk using the Multivariable adjusted HRs for risk of major cardiovascular events for the highest vs the lowest quartile of each candidate biomarker in two type 2 diabetes cohorts: white circles, Second Manifestations of Arterial Disease (SMART) study; black squares, European Prospective Investigation into Cancer and Nutrition-Netherlands (EPIC-NL). Analyses were adjusted for sex, age at diabetes diagnosis, duration of diabetes, HbA 1c , systolic blood pressure, total cholesterol/HDL ratio, urinary albumin/creatinine ratio, smoking status and previous cardiovascular event. In summary, the current lipid management guidelines from major European and American medical societies recommend statin therapy for most individuals with diabetes, based solely on the presence of diabetes, reflecting the first approach discussed above (Text box) which considers diabetes as a cardiovascular disease risk equivalent. However, even with this approach, risk prediction models and biomarker data may be used to inform the intensity of statin treatment or to help communicate risk to patients.
It is worth repeating that substantial heterogeneity in the risk of cardiovascular disease exists among individuals with diabetes [4, 8] . This raises the question whether a more nuanced approach to the treatment of cardiovascular risk in individuals with diabetes should be considered. In one study, individuals with type 2 diabetes and multiple risk factors for cardiovascular disease had a 2 year rate of cardiovascular death, myocardial infarction or ischaemic stroke of 20% when levels of NT-proBNP, hsTnT and hsCRP were elevated. In contrast, the risk was only 1.6% for those with no elevation in any of these three biomarkers [8] . The absolute risk would likely be even lower in younger individuals with no clinical risk factors other than diabetes. According to both ESC/EASD and AHA/ACC guidelines, a 40-year-old individual with diabetes without any other clinical risk factors should be given statin therapy. However, if biomarker data revealed that this individual had an extremely low 10 year risk of cardiovascular events, it may be reasonable to defer statin therapy.
Thus, it remains possible, though unproven, that refinements in risk prediction may inform the application of current clinical guidelines, the aggressiveness of lipid reduction strategies, use of adjunctive medications beyond statins and communication of risk to patients. Very few publications have reported the impact of risk models on clinical management, not to mention clinical outcomes [9] . Well-designed, prospective studies examining the effectiveness of different screening and prevention strategies can be expensive and take many years to complete [29] .
Cardiovascular risk and management in individuals with prediabetes
In contrast to diabetes, other states of hyperglycemia such as prediabetes (including impaired fasting glucose and impaired glucose tolerance) are not currently considered to be cardiovascular disease risk equivalents. Cardiovascular risk is elevated in individuals with prediabetes and hyperglycaemic conditions other than diabetes [34] but risk models such as the Framingham risk score and the AHA/ACC risk calculator do not account for these conditions. Moreover, there are no specific recommendations regarding the management of cardiovascular risk in individuals with prediabetes. Individuals with prediabetes are advised to institute healthy lifestyle changes (diet and exercise) but otherwise are treated the same as nondiabetic individuals regarding cardiovascular risk management. For instance, neither the ESC/EASD nor the AHA/ ACC guidelines for lipid management currently distinguish between individuals with pre-diabetes and those without diabetes.
Nonetheless, diabetes and prediabetes are not binary outcomes but rather fall along a continuum. Individuals with advanced prediabetes and those with early, mild diabetes may have a similar risk of cardiovascular disease. Thus, using the clinical onset of diabetes as the starting point for cardiovascular disease risk management may be too late. If biomarkers could refine the prediction of risk in prediabetic individuals, then those who would benefit from more aggressive risk management might be identified. An additional consideration is preventing diabetes itself since strategies aimed at preventing diabetes also lower cardiovascular disease risk. Identifying those at highest risk of developing diabetes would help target diabetes prevention efforts. Most of the currently known biomarkers offer only a modest improvement in risk prediction for type 2 diabetes beyond traditional risk factors [35] . However, recent technologies enabling high-throughput profiling of metabolic status (metabolomics) have identified novel biomarkers that improve prediction of diabetes and show promise for the future [36] .
Biomarkers as an approach to increasing the efficiency of clinical trials
The US Food and Drug Administration requires that manufacturers of novel diabetes medications conduct large-scale outcomes trials to evaluate the cardiovascular risks of these drugs. Despite the elevated risk of cardiovascular disease in individuals with diabetes, short-term event rates are still moderate, meaning that very large sample sizes are required for adequately powered clinical trials. Accordingly, recent and ongoing cardiovascular trials of diabetes medications have had sample sizes of 3300-17,000 individuals [37] . Biomarkers that improve the identification of high-risk individuals with diabetes may allow smaller trials to be performed in these selected subgroups.
Future directions
As noted above, diabetes is a heterogeneous disease. The physiology of diabetes may differ by sex, race and age. Thus, it is conceivable that the predictive ability of cardiovascular disease biomarkers in individuals with diabetes may differ by clinical covariates. In non-diabetic individuals, biomarkers may perform differently according to clinical characteristics (e.g. in healthy postmenopausal women, hsCRP is an even stronger predictor of cardiovascular disease than is LDL [38] ). There are few analogous data in diabetic populations but investigations to determine whether clinical characteristics such as sex, race and age influence the association of cardiovascular disease biomarkers with events are warranted. This information may be particularly useful in subgroups of younger individuals in whom the average absolute risk of events is low despite the presence of diabetes.
A related question is whether certain biomarkers may improve cardiovascular disease risk prediction selectively in diabetic vs non-diabetic individuals. Because the distribution of certain biomarkers may differ by diabetes status, their abilities to predict cardiovascular disease may also differ by diabetes status [39] . This appears to be the case for glucose levels and for markers of glucose-mediated damage. For example, whereas higher glucose levels are positively associated with cardiovascular disease risk in both diabetic and non-diabetic individuals [40, 41] , HbA 1c levels improve cardiovascular disease risk prediction in individuals with diabetes [42, 43] but not consistently in the general population [44, 45] . In addition, markers of glucose-mediated damage, such as urinary microalbumin and AGEs, may be particularly useful for predicting cardiovascular disease risk in individuals with diabetes [17, 43] . In contrast, the predictive abilities of C-reactive protein [46] , fibrinogen [47] or γ-glutamyltransferase [48] do not appear to differ by diabetes status. Whether the predictive abilities of many cardiovascular disease biomarkers are modified by diabetes status is largely unknown. Addressing these questions is valuable not only for improving risk prediction but also for understanding how the pathophysiology of cardiovascular disease differs in individuals with and without diabetes.
Another important area of future research is the discovery of new biomarkers of cardiovascular disease risk in individuals with diabetes. As discussed above, if a biomarker has a relatively low correlation with existing predictors, it is better able to improve prediction of disease (Fig. 1) . Because most studies so far have focused on traditional pathophysiological pathways for cardiovascular disease, such as inflammation, cardiac injury and oxidative stress, the potential improvement in prediction afforded by identifying additional biomarkers from the same pathways may be limited as such biomarkers are likely to be correlated.
In contrast to candidate-based designs, hypothesis-free approaches such as proteomics and metabolomics can simultaneously evaluate hundreds or thousands of biomarkers and offer the potential of identifying biomarkers outside the traditionally studied pathophysiological pathways. Proteomicsand metabolomics-based studies in related fields have enabled the discovery of novel biomarkers that improve the prediction of new-onset type 2 diabetes [36] and incident renal disease in type 2 diabetes [49] . These studies highlight the potential value of analogous studies to identify biomarkers of cardiovascular disease among individuals with diabetes.
Conclusion
Treatment guidelines for the primary and secondary prevention of cardiovascular disease in diabetic populations do not fully account for the heterogeneity in risk among individuals with diabetes. Certain biomarkers and combinations of biomarkers can lead to moderate improvements in cardiovascular disease risk prediction in diabetes. A critical question is whether the resultant improvement in risk stratification would lead to changes in clinical care for individuals with diabetes. The prospects for biomarker-guided management in diabetes would be further enhanced by expanding the number of biomarkers that contribute to risk stratification. Efforts to identify these biomarkers should be aided by recent advances in platforms for biomarker discovery that enable investigations involving broad panels of biomarkers not restricted to selected pathways. Ultimately, evidence from randomised trials is needed to establish whether adding biomarkers to conventional clinical assessment could lead to improved patient outcomes. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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